ABSTRACT Taxonomic determination based on morphology alone has failed to describe the evolutionary history of Loxoblemmus appendicularis Shiraki complex in Taiwan. Phylogenetic analysis using the 16S rDNA sequence reveals that three evolutionary lineages of L. appendicularis have been found to coincide with their area of geographical distribution: the Southern, Eastern, and Northern populations. Sequence distance was equal between the Northern and Southern and Northern and Eastern populations (0.032), whereas between the Southern and Eastern populations, the sequence distance was 0.026. Cross-breeding among these three populations has produced abnormal hybrids, suggesting that a possible postzygotic isolating mechanism exists. Biogeographical history suggests the speciation event in L. appendicularis began in the early Pleistocene (1.8 million yr ago [Mya]). Vicariant event created by the rise of the Central Mountain Range Ͼ1 Mya led to two separate Eastern and Southern lineages. The following glacial event and formation of a land bridge between Taiwan and the Chinese continent at the end of Pleistocene reintroduced L. appendicularis, currently known as the Northern population, to western and northern Taiwan. Results of sequence divergence, phylogenetic inferences, geographical distribution, and cross-breeding strongly show a current taxonomic recognition of a single species with three parapatric cryptic species.
PHYLOGEOGRAPHIC STUDIES HAVE GREATLY contributed to our understanding of evolutionary history (Avise 2000) . A clear success of phylogeographical study has been the improved descriptions of geographical distribution, phylogenetic relationships, and genetic distance among evolutionary lineages (Bermingham and Moritz 1998) , especially with regards to the effect of glaciations (Riddle and Honeycutt 1990) and mountain building (Trewick et al. 2000, Shaw and Lugo 2001) . Taiwan is separated from the Chinese continent by the shallow Taiwan Strait, which has interrupted normal gene ßow in a species distributed on both sides of the Taiwan Strait. However, geographical history (Huang et al. 1997 ) and mammalian and reptilian fossil records (Shikama et al. 1975 , Otsuka and Shikama 1978 , Otsuka 1984 indicate that Taiwan was connected to the Chinese continent before the Pleistocene Period. The present day conformation of Taiwan began Ϸ5 million yr ago (Mya) during the late Miocene (Teng 1987 (Teng , 1990 , caused by exhumation from the collision of the Eurasian and Philippine plates (Teng 1990 , Huang et al. 1997 . The arc-continent collision resulted in a drastic exhumation of the Central Mountain Range Ϸ2.5Ð1 Mya (Lin 1966 , Huang et al. 1997 in the formation of Ͼ100 peaks now above 3,000 m in elevation, and the ongoing tectonic collision along the north-south axis of Taiwan has created diverse habitats for terrestrial organisms. In addition, it is believed that Taiwan and the Chinese continent have periodically been connected and separated because of sea level changes caused by glaciations during the Pleistocene Period. The periodic formation of a land bridge across the Taiwan Strait has played an important evolutionary role in TaiwanÕs biota.
The biota of Taiwan is rich in diversity, as has long been noted by biologists, because of the extremely variable abiotic environments, such as mountain topology, climate changes, and the multiple land-bridge formations during the Pleistocene Ice Ages (Lue and Chen 1997) . The effects of the well-documented geological glaciations on the diverse biota of the island have recently been the subject of an increasing number of phylogeographic studies that focused on genetic patterns and processes of colonization and speciation (Wang et al. 1999 , 2000 , Creer et al. 2001 , Huang et al. 2001 , Huang et al. 2002 , Hwang et al. 2003 . The diversiÞed species and subspecies of terrestrial animals in Taiwan might have been formed by peripatric speciation when geographic isolation occurred because of the absence of a land bridge between the island of Taiwan and the Chinese continent.
Although the ecosystem in Taiwan supports diverse communities of fauna and ßora, the phylogeographic impact on insect fauna has been poorly studied.
The cricket genus Loxoblemmus Saussure (Saussure 1877) has 46 species worldwide. Of these, 36 species are distributed throughout East Asia. Taxonomic recognition of this genus has always met with some difÞculties, because the descriptive characters of many species overlap. Loxoblemmus appendicularis is small (Ϸ1.5 cm) in body length and is one of the most common local crickets in Taiwan. Field observation and laboratory observation have shown this species to have an annual life cycle without hibernated eggs. The numerous nymphs usually hatch in July and August and molt six times until adulthood is reached around May to July. All stages live in moist or semimoist sites such as grasslands or in leaves under the trees. They feed almost entirely on the tiny roots of grasses or trees and occasionally on the dead bodies of other small invertebrates or spiders. The taxonomic characters of L. appendicularis Shiraki Shiraki 1930 have been based on a common and highly conserved head shape and antennae forms (Gorochov 1985) . Unfortunately, characters such as body size, head shade, front ridge, antennae form, and veins in the tegmen are variable. Thus, the taxonomic determination of this species complex has been ambiguous (Yang 1992) . Preliminary molecular evidence on L. appendicularis complex in Taiwan reveals three distinct clusters exist in the mitochondrial DNA sequence (Yeh et al. 1999) . Thus, these clusters could be used to address questions concerning the patterns in L. appendicularis evolutionary process.
In the past decade, molecular characters have been used to identify insect species. This has been especially helpful in determining intraspeciÞc diversity (Mukha et al. 2000 , Palmer et al. 2000 and in solving the problem of sibling species (Kelley et al. 2000 , Yeh et al. 2000 , Parsons and Shaw 2001 , as well as that of the species complex (Yeh et al. 1997 , Guillet et al. 2000 . Molecular evidence is also the means of determining whether or not introgression or hybridization has occurred (Dowling and Secor 1997) . Furthermore, genetic analyses of natural species assemblages render it increasingly likely that speciation occurs under sympatric conditions (Bush and Smith 1998 , Hellberg 1998 , Schliewen et al. 2001 , Dawson et al. 2002 .
We are interested in genetic patterns and the colonization process of this species. This paper provides the 16S ribosomal DNA sequence of mitochondrion, showing that what has been considered a single species may actually be three differentiated geographical populations (or species). Cross-breeding experiments among these three populations have shown that a postzygotic isolating mechanism may be involved in population differentiation. Speciation processes in this case may have been induced by the vicariant event of the Central Mountain Range longitudinally bisecting Taiwan and land-bridge formation during the Ice Age. The colonization and evolutionary processes of L. appendicularis by vicariant and glaciation events are herein hypothesized and discussed.
Materials and Methods
Collecting Materials. Forty-six individuals of L. appendicularis complex from various localities throughout Taiwan (Fig. 1) were analyzed in this study. Twenty specimens of other Loxoblemmus species, L. equestris, and L. sylvestris, and the three other genera, Teleogryllus, Brachytrupes, and Velarifictorus, were used as outgroups for comparisons. Collecting information and sequence accession numbers (AY239043Ð AY239108) are shown in the Appendix.
DNA Extraction, Amplification, and Direct Sequencing. Live crickets were collected, Þxed, and preserved in 95% ethanol at Ϫ20ЊC. The anterior leg was selected for homogenization by glass homogenizer in 500 l digestion buffer containing 100 mM Tris-Cl (pH 8.0), 10 mM EDTA, 100 mM NaCl, 0.5% SDS, 50 mM dithiothreitol, and 0.5 mg/ml proteinase K. The mixture was incubated at 50ЊC overnight and extracted with phenol-chloroform (modiÞed from the process described by Yeh et al. 1997) . Extracted crude DNA was dissolved in 50 l TE buffer, and an aliquot of 10 l crude DNA was diluted 10-fold and used as a DNA template in the following ampliÞcation reaction.
Polymerase chain reaction (PCR) was employed to amplify a partial sequence of the mitochondrial 16S rDNA gene. The primers used to amplify the region were 5Ј-GCCTGTTTATCAAAAACAT-3Ј (16SR21) and 5Ј-CCGGTCTGAACTCAGATCA-3Ј (16S22), which correspond, respectively, to nucleotides 13416 Ð 13396 and 12866 Ð12884 of the 16S rDNA gene of Drosophila yakuba (Clary and Wolstenholme 1985) . AmpliÞcation was carried out for 35 cycles in a Þnal volume of 100 l containing 10 mM Tris-Cl (pH 9.0), 50 mM KCl, 1.5 mM MgCl 2 , 0.01% gelatin, 0.1% Triton-X100, 2 U of SuperTaq polymerase (HT Biotechnology, LTD, Taiwan), 0.2 mM of each dNTP, 20 pmol of each primer, and 2 l of DNA template. The reaction was carried out with the following temperature proÞle: denaturation for 50 s at 95ЊC, annealing for 1 min at 50ЊC, and extension for 1 min at 72ЊC. AmpliÞed DNA fragment was excised from agarose gel and extracted from the gel with the Nucleotrap Kit (Macherey-Nagel, Germany) or puriÞed directly from ampliÞed product using the PCR puriÞcation Kit, Qiaquick (Qiagen, England). The resulting DNA product was sequenced directly using radioisotope (Perkin Elmer using S 35 ) or ßorescent dye of the Cycling PCR Sequencing Kit for 29 cycles with the following temperature proÞle: 40 s for denaturation at 95ЊC, annealing at 50ЊC, and extension at 72ЊC (modiÞed from Yeh et al. 1997) . Alternatively, some samples sequenced using Taq dye terminator Cycle Sequencing Kit (Applied Biosystems) were analyzed with the ABI 377A sequencer. Three sequencing primers were used, including 16SR21, 16S22, and 16S212 (5Ј-CAA-CATCGAGGTCGCAA-3Ј downstream).
DNA Analysis. Initial alignment of the mitochondrial sequences was conducted using the Pileup pro- (Boggs et al. 1979) , and the hatched area is the rising seashore of the Hengchung peninsula during the Middle Pleistocene (Huang et al. 1997 , Teng 1987 ).
gram of the GCG software package and manually reÞned based on the secondary structures of the 16S rRNA sequences (Fang et al. 1993 , Davis et al. 1994 , Kambhampati et al. 1996 . The proportion of the nucleotide composition of each taxon was calculated using the MEGA2.1 program (Kumar et al. 2001) . Pairwise distance estimate was based on a model of the proportion distance measure. Statistical analysis system (SAS Institute 2001) was used to test the significant differences of nucleotide base composition among orthopteroid insects.
Both maximum parsimony (MP) and neighbor-joining (NJ) methods were used in phylogeny reconstruction. MP was analyzed using the PAUP 3.1 program (Swofford 1993) with the multiple equally parsimony exhaustive search option, tree bisection-reconnection, and 1,000 random addition sequences. MEGA2.1 was used to conduct NJ analysis using the Kimura-2-parameter distance estimate, because the substitution pattern between transversion and transition was different in this case. A bootstrap analysis of 1,000 replications was carried out on the tree inferred from the MP and NJ methods.
Rearing Method and Cross-Breeding Experiments. Three populations of L. appendicularis from Taichung (Northern population; collecting site referred to as N-A1 in Fig. 1 ; June 2000), Pingtung (Southern population; collecting site referred to as S-Mancho in Fig.  1 ; April 2000), and Taitung (Eastern population; collecting site referred to as E-F1 in Fig. 1 ; May 2000) were used in these experiments. Adults and nymphs were maintained in the laboratory on commercial dog food, which was kept in plastic containers equipped with sand 1 cm thick on the bottom, and moist cotton that lined the water vial (Liu et al. 1999) . They were kept under 14:10 h L:D cycles at room temperature (22Ð25ЊC). The crickets were fed with fresh food, and the uneaten food was removed at least two times per week. Virgin adults were isolated before the Þnal molt and reared separately in a plastic vial (Ϸ12 cm height by 6 cm diameter). Adult males and females were aged up to 3 wk to ensure they were sexually matured for the cross-breeding experiments. All copulations, including the reciprocal sets, were maintained together in plastic containers (12 cm diameter and height) provided with moistened sandy bottoms (which kept the female cricket reproductively active) and a small plastic food cup. Adult couples were transferred to another plastic container to avoid harming the newly hatched nymphs and were kept together until they died. Primary nymphs were reared collectively (Ϸ100 individuals) with the crushed food in 12-cm plastic jars and moved to an insect rearing cage (30 by 30 by 30 cm, Bugdorm-1; Megaview, Taiwan) after the fourth instar (Ϸ30 individuals in one rearing cage). The total number of eggs laid, of each instar, and of adult males and females was recorded.
Results

16S rDNA Sequence Divergence Between Gryllid
Species. DNA sequences of 66 individuals of the gryllid species were analyzed. A total of 559 bp was assayed, including those for three Loxoblemmus species and three outgroup genera: Teleogryllus, Brachytrupes, and Velarifictorus. Base compositions among the gryllid species were not signiÞcantly different. The average base composition in G, A, T, and C was 21.9, 30.4, 35.9, and 11.8%, respectively. Sequence analysis of L. appendicularis and the other species of gryllids was investigated, and the sequence distances are recorded in Table 1 . Sequence distances among the three Loxoblemmus species were 9.5Ð11.1%. Comparison of Loxoblemmus to other genera, such as Teleogryllus, Brachytrupes, and Velarifictorus, showed that distances ranged from 12.2 to 15.3%.
Plots of transversion (Tv) or transition (Ts) corresponded to a total substitution (Tv ϩ Ts) in two sequences that have shown differently evolved patterns (Fig. 2) . Three levels of the substitution pattern depicted the evolved constraint in the 16S rDNA gene. First, most of the transition substitutions were linear and were almost at zero of the tranversion within the species. Second, transversion or transition substitution event was, in the changing form, nearly linear among the species within genus Loxoblemmus. Third, in the saturation level among different genera, the transition substitution was similar to that in the second level, and transversion substitution retained the linear essence of change.
Patterns of Genetic Diversity Concordant to Geography Among the Populations of L. appendicularis. Sequence distances from 46 individuals of L. appendicularis were clearly grouped into three clusters. It is worth noting that the three clusters were distributed consistently to the geographical areas. Individuals col- lected from north of Chiayi county in west Taiwan constitute the Northern population (N), individuals collected from Kaohsiung and Pingtung counties constitute the Southern population (S), and individuals collected from Taitung county constitute the Eastern population (E; Fig. 1 ). The Northern population had an average distance of 3.2% from the Southern and Eastern populations, and a low 2.6% distance existed between the Southern and Eastern populations. SigniÞcant limited sequence divergence was obtained within each population; sequence variation for S, E, and N populations was an average of 0.007, 0.001, and 0.006, respectively (Table 1) . Among 46 individuals of L. appendicularis, 21 haplotypes belonging to each population were observed: 10 haplotypes from 18 individuals in the Southern population, 2 haplotypes from 8 individuals in the Eastern population, and 9 haplotypes from 20 individuals in the Northern population (data not shown). The most common haplotype (N-L. app-A, B, D, E) was found in eight individuals in the Northern population. Phylogenetic Inference from 16S rDNA Sequence. Three distinct lineages of L. appendicularis complex were found by both distance and parsimony analyses. The neighbor-joining tree under Kimura-2-parameter estimates (Fig. 3) showed that individuals of L. appendicularis from the Northern, Southern, or Eastern area form a separate group. Bootstrap supported the branching of the three clusters. The maximum parsimony trees revealed a similar topology. Heuristic search found minimum length trees of 264 steps in 136 equivalent trees. The topology of the strict consensus parsimony tree (Fig. 4) approximated the neighborjoining tree, and most of the termini lineages of the trees were also in agreement.
Cross-Breeding Among Three Populations. Results from the cross-breeding experiments revealed that the mating songs and behaviors of these three populations play no important role in interrupting their reproductive communication. However, interesting observations were made regarding hybrids produced when crickets of the Northern population mated with crickets from the other two populations (Table 2) . First, hatching proportion and progeny developing to adults were both nearly zero when the crossing parent is a male of the Northern population. Second, only a few the progeny developed to adults, in contrast to the S(() ϫ S(&) control set. When the crossing parent was a female of the Northern population, all of the progeny were female. Postzygotic isolation between Eastern and Southern populations was also observed (Table 2) . Although egg production and hatching proportion was high (Ͼ95%), the proportion of developed adults was low between Eastern and Southern crossing populations ( 89.2%) . Moreover, aberrations in the sex ratio and the emergent period of adulthood were also observed between the Southern (male) and Eastern (female) crosses. The sex ratio in the control set was Ϸ1:1, and the emergent period for both male and female adulthood was around MayÐAugust. In the hybrids of S(() ϫ E(&), however, the adult male emerged during FebruaryÐApril, which was distinctly different from adult female hybrids that emerged during JuneÐSeptember. Alternatively, Þeld and laboratory observations have shown that this species has an annual life cycle without hibernated eggs. The numerous nymphs usually hatch in July and August and molt six times until adulthood is reached around May, June, and July.
Discussion
Base Compositional Bias and Substitution Pattern in Transversion and Transition. It is well known that insect mitochondrial DNA is rich in adenine and thymine. Simon et al. (1994) inferred that there might be a trend of increasing A ϩ T bias in the more recently derived insect orders, but there has not been enough information to depict it. Yeh et al. (1997) have also pointed out that the proportion of guanine in insects decreases from ancestral orders toward derived orders. Nucleotide base composition of gryllid species is rich in adenine (A) and thymine (T), similar to the previously studies of orthopteroid insects (Flook and Rowell 1997a , b, Flook et al. 1999 , 2000 , Chapco et al. 2001 . However, different base composition can be seen because the focus is at the base of guanine (G). Base composition of the 3Ј portion of the 16S rDNA sequence of orthopteroid insects obtained from published papers or retrieved from the GenBank (Table  3) was calculated. The proportion of guanine in gryllid species is nearly 21% on average, a value larger than those of the other orthopteroids of Blattaria and Phasmida and the suborder of Caelifera (Table 3) .
Variance analysis in the SAS program (SAS Institute 2001) shows that signiÞcantly different base compositions of guanine exist as the orthopteroid insects are aligned. Guanine levels of Isoptera, Grylloblattaria, and Ensifera are higher than in the other orthopteroid insects (Blattaria, Phasmida, and the Caelifera suborder in Orthoptera). Base composition bias may be caused by the function of the 16S rRNA. Stem-loop forming in the tertiary structure is important for the function of this gene. Guanine forms three hydrogen bonds with cytosine, whereas two hydrogen bonds can also form with uridine. Under the evolutionary con- straint of AT rich in mitochondrial genes, GU pairings may be substituted by AU pairing in the helix of the 16S rRNA, reducing the guanine proportion in the derived insect orders.
Hybrid Zones Among Three Populations. The collected data (Fig. 1) and phylogenetic results show that Tsu-Feng-Gu in southeastern Taiwan is a geographic boundary between the Southern and Eastern populations. In the contact zone, both genotypes of the S and E populations can be detected here, although most, three quarters of them, belong to the Southern population. One possible scenario is that the hybrid zone in Tsu-Feng-Gu may have formed after secondary contact between both populations, as generally occurs in most studies of hybrid zones (Barton and Hewitt 1989) . Cross-breeding experiments (Table 2) suggest that a hybrid zone might exist in nature, although its range is uncertain. However, materials collected did not provide information concerning hybrids of the Southern and Northern populations in nature.
Hybrids reveal different adaptations for their survival. In general, the predominance of hybrids more like one or the other parental species is typical of hybrid zones in a wide variety of taxa (Goodman et al. 1999, Burke and Arnold 2001) . However, increased hybrid genotype, displacing the parental genotype, may come from the superior adaptation of some hybrids (Burke and Arnold 2001) and the probability of introgression toward the least abundant species (Ar- Table 2) . Although the control sets of E ϫ E and N ϫ N were not performed, only the control set of S ϫ S will not bias the cross-breeding results. Two reasons compelled us to use one control set only. First, laboratory maintenance shows a similar life cycle among three L. appendicularis populations (i.e., Northern, Southern, and Eastern), as described above. Second, numerous nymphs were hatched in the maintenance of the three populations we found. Multiple matings kept the female producing Ͼ300 eggs. To avoid wasting of feeding houses and materials, the control set of only S ϫ S was used.
Hybrid Zones Indicated Secondary Contact Caused by Vicariant and Glaciation Events. Geological evidence indicates that the island of Taiwan has been connected and isolated from the Chinese continent more than once because of the interaction of arccontinent collisions and sea level changes during the late Pliocene. The mammalian fossil record includes elephants and deer (Shikama et al. 1975 , Otsuka and Shikama 1978 , Otsuka 1984 ) from the Lower Pleistocene (1.8 Mya), indicating that Taiwan had been connected to the Chinese continent before the Pleistocene. Therefore, both the geological history and the fossil record indicate that L. appendicularis might have originated on the Chinese continent during the early Pleistocene (1.8 Mya). The rise of the Central Mountain Range has been estimated to have occurred more than 1 million yr ago (Lin 1966) . The Central Mountain Range runs longitudinally from north to south, with ridges above 3,000 m and declines abruptly to the sea in southern Taiwan, and it may have acted as a barrier to population dispersal or migration. Vicariant events eventually broke up the distribution range of the ancestral cricket population, and each group subsequently evolved its own characteristics by either genetic drift or selection. In accordance with this scenario, reptiles, salamanders, and freshwater Þsh distributed in eastern and western Taiwan have evolved into different endemic species (Lue and Chen 1997) . However, secondary contact may have occurred with the rising seashore of the Hengchung peninsula during the Middle Pleistocene (Huang et al. 1997) , which permitted easier communication between the Southern and Eastern populations. Moreover, the existing Northern population would indicate that yet another geographical event took place during the Upper Pleistocene in Taiwan. Hewitt (1999 Hewitt ( , 2001 ) has argued that most major hybrid zones in Europe reßect divergence during the Quaternary Ice Ages, with periodic expansion and accumulating genetic differences. A similar biogeographical event is also documented in South America Avise 1986, Riddle and Honeycutt 1990) . Four episodes of periodic glaciation in Taiwan during the Pleistocene inßuenced many speciation events for TaiwanÕs fauna and ßora (Lue and Chen 1997) and might also have provided the opportunity for L. appendicularis migration from China to Taiwan. Thus, formation of land bridges increases the possibility of multiple L. appendicularis colonizations in Taiwan. The earlier population (in the early Pleistocene, 1.8 Mya) might have withdrawn or survived only in the south, with the recently arrived population of L. appendicularis from China during the last glaciation (20,000 Ð110,000 yr ago) being distributed throughout the north.
Present day sequence divergences among these three cricket populations also consistently reßect these two geographical events. Rate estimate of sequence divergence was calculated based on the calibration time of the early Pleistocene (1.8 Mya) and the rise of the Central Mountain Range (1.5Ð1 Mya) (Lin 1966 , Huang et al. 1997 ). Sequence divergence between the original (Southern and Eastern) and the recent Northern populations is 0.032, whereas divergence is only 0.026 between the two vicariant populations (Southern and Eastern). The divergence rate between the original and recently introduced populations is 0.017/Mya (3.2/1.8), a value close to that of the two vicariant populations (S and E; 0.017Ð 0.026/ Mya), because the Central Mountain Range is steep enough to have separated these two populations before 1.5Ð1 Mya (2.6/1.5 and 2.6/1). These divergence values are similar to the ribosomal DNA region of Hawaiian Laupala crickets: 0.024/Mya (Fleischer et al. 1998) or 0.02/Mya (Brower 1994) . The morphological variables within L. appendicularis complex have been a source of confusion in taxonomic classiÞcation and revision (J. T. Y. and Y. L. C., personal communication). Our results suggest that the three populations of L. appendicularis do not represent a single panmictic evolutionary unit and are sufÞciently distinct to be considered different species. Biogeographical history suggests that the speciation event began during the early Pleistocene, and subsequent vicariant and glaciation events led to these three parapatric cryptic species.
